The key material for bioethanol production is cellulose, which is one of the main components of the plant cell wall. Enzymatic depolymerization of cellulose is an essential step in bioethanol production, and can be accomplished by fungal and bacterial cellulases. Most of the biochemically characterized bacterial cellulases come from only a few cellulose-degrading bacteria, thus limiting our knowledge of a range of cellulolytic activities that exist in nature. The recent explosion of genomic data offers a unique opportunity to search for novel cellulolytic activities; however, the absence of clear understanding of structural and functional features that are important for reliable computational identification of cellulases precludes their exploration in the genomic datasets. Here, we explore the diversity of cellulases and propose a genomic approach to overcome this bottleneck.
Cellulose and cellulases
The dramatic rate of fossil fuels depletion and the resultant global economic and environmental consequences have spurred the search for alternative renewable energy sources such as biofuels. One of the promising materials for biofuel production is plant biomass [1] , which contains large amounts of the sugar polymers cellulose (a polymer of b-1,4 linked glucose) and hemicelluloses (polymers composed of xylose, mannose, galactose, rhamnose, arabinose and other sugars [2] . These can be broken down by a mixture of enzymes into simple sugars that are fermentable to produce ethanol [3] . Although cellulose is largely present as crystalline fibers that are highly resistance to hydrolysis, its biomass content is typically larger than that of hemicellulose [3] , and consequently, cellulases are the key enzymes for bioethanol production. Individual cellulose polymers form rigid microfiber structures that are stabilized by inter-and intramolecular hydrogen bonds and van der Waals interactions between glucose residues in the fibers, which significantly contributes to its resistance [4] . This network of bonds leads to a mostly uniform arrangement of fibers and the resultant crystalline cellulose lacks enzyme-accessible surface morphologies, further enhancing resistance to hydrolysis [5] .
All cellulases are glycoside hydrolase (GH) enzymes that utilize the same catalytic mechanism of acid-base catalysis, with inversion or retention of glucose anomeric configuration [6] . There are two common types of the cellulase active sites. GHs with open (groove, cleft) active sites typically exhibit endocellulolytic activity (endocellulases), binding anywhere along the length of the cellulose molecule and hydrolyzing the b-1,4 glycosidic linkage, whereas those with tunnel-like active sites exhibit exocellulolytic activity (cellobiohydrolases), binding at the ends of the cellulose molecule [7] and producing unit-length oligosaccharide products. Typically, exocellulases are processive enzymes, that is, they are attached to the cellulose chain until it is completely hydrolyzed [7, 8] , whereas endocellulases can be both processive and non-processive [7] . Efficiency of processive cellulases can greatly contribute to the rate-limiting step of cellulose hydrolysis [8] . Cellulases with endo-mode of action appear to be represented by a larger number of protein folds (Table 1) . This indicates that endocellulases are either more evolutionarily diverse or many novel exocellulases are yet to be found [9] . Many cellulases are multidomain proteins, and in addition to the catalytic domain, have accessory domains such as carbohydrate binding modules (CBMs) connected by a flexible linker [10] . The main role of CBMs is to help cellulases bind cellulose, although they might also participate in initial disruption of cellulose fibers [11] . Cellulases preferentially bind to the amorphous or somewhat disordered (e.g. through acid pretreatment) regions on the surface of the crystalline cellulose fiber [12] . Endocellulases (sometimes along with CBMs) help to disrupt the cellulose fibers and create accessible ends, whereas cellobiohydrolases continue the degradation by removing diand oligosaccharides (usually 2-4 residues) from the ends of the disrupted cellulose fibers [13] .
Lack of standards in cellulase enzymology
Several biochemical methods are commonly used to determine the substrate-specificity of cellulases and the endo-/exo-mode of action. The reducing sugar assays involve incubating purified enzyme with cellulose-containing substrates along with a binding reagent (i.e. dinitrosalicylic acid), which reacts with glucose, released during the incubation, to create fluorescent compounds, which are then detected spectrophotometrically [14] . In the halo assay, a gene that codes for a putative cellulase is introduced into a non-cellulolytic microorganism, such as Escherichia coli, which is then grown on cellulose substrates stained with Congo Red. Colonies that carry cellulase genes are screened by formation of halo plaques that result from degradation of the stained cellulose by the bacterial colony [15] . Viscosimetry and TLC assays are commonly used to determine exo-versus endo-modes of action, for example, exocellulases reduce viscosity of solutions of carboxymethyl cellulose (CMC) much slower than endocellulases, whereas running incubation products of a cellulase on a gel shows whether shorter, such as glucose, cellobiose (exomode of action) or longer oligosaccharides, such as cellotriose, cellotetraose (endo-mode of action) are present [16, 17] .
Adding to the challenge of biochemical characterization of cellulases is the multisubstrate specificity. Many of the biochemically confirmed cellulases are active on a variety of substrates in addition to cellulose, such as xylan, lichenan and mannan. For example, cellulase Cel5E from Pseudomonas fluorescens is active on CMC, lichenan, Avicel (or microcrystalline cellulose) and acid-swollen cellulose but completely inactive on xylan [18] . Cellulase CelG form Fibrobacter succinogenes belongs to the same GH family 5 but shows high activity on CMC and xylan, and is completely inactive on Avicel and lichenan [19] . By contrast, some cellulases are active only on cellulose derivatives. For example, a GH family 5 cellulase cel5B from Termobifida fusca is able to degrade only cellulosecontaining substrates [CMC, Avicel and MN300 (native fibrous cellulose)], but is completely inactive on other substrates [20] .The vast majority of researchers use CMC degradation as an indication of cellulolytic activity. Therefore, here we consider documented CMC hydrolysis as the minimum requirement for an enzyme to be annotated as a biochemically confirmed cellulase. The multisubstrate specificity of cellulases and the persistent lack of data about activity on substrates other than CMC emphasize the need for adoption of a universal methodology for cellulase validation and characterization (Box 1). Q1   123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183   184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243 244 Devise a standard assay or a set of assays for unambiguous and reliable identification of cellulases.
Poor taxonomic representation among experimentally studied organisms:
Obtain genome sequences and biochemically characterize potential cellulases from taxonomically diverse organisms
Cellulases are found in 12 unrelated protein families
Develop a natural classification system for each cellulase-containing protein family 2.2 There are multiple substrate specificities other than cellulose in each of the cellulase-containing families. There are no known genomic markers for cellulases. Current models for genomic identification of cellulases are not specific:
Identify class-specific genomic markers for cellulases Develop sensitive, cellulase-specific models Validate models via iterative experiment-computation approach
Known cellulolytic bacteria: a few of the many Bacteria that are either known to be or potentially could be cellulolytic are widely distributed in nature. However, the best studied cellulose degraders, such as Clostridium thermocellum, Clostridium cellulolyticum and Caldicellulosiruptor bescii (previously known as Anaerocellum thermophilum) belong to the same phylum, the Firmicutes. Despite numerous studies of microbial cellulolytic apparatus [21] [22] [23] [24] , only about 20 genomes of known cellulose degraders have been fully sequenced to date. Recent genomic studies have identified many bacteria that contain arrays of various GHs (many of which could be cellulases [21, 22] ). Therefore, it is likely that only a small fraction of the cellulolytic world has been annotated and studied to date, and more experimental and genomic investigation of potential cellulase degraders from diverse taxa and habitats is needed.
CAZy database: a bridge from enzymology to genomics The CAZy (Carbohydrate-Active Enzymes) database provides classification of enzymes (e.g. GHs, glycosyl transferases) and substrate-binding modules involved in various types of carbohydrate metabolism based on sequence comparison. All known cellulases are found within 12 GH families of the CAZy database, and can be described with two enzyme commission numbers: EC 3.2.1.4 (endoglucanase) and EC 3.2.1.91 (cellobiohydrolase). Families GH5 and GH9 appear to have the largest number of biochemically characterized cellulases. This could be partly because cellulases from these families are abundant in the model cellulolytic bacteria. Yet, many enzymes that effectively hydrolyze cellulose belong to other, smaller CAZy families, for example, the Cel12A cellulase from Rhodothermus marinus (GH12) [25] , endoglucanase F from F. succinogenes S85 (GH51) [26] , and CbhI from Fusicoccum sp.(GH7) [27] . This indicates that the search for potential efficient cellulases should be substantially broadened. Although the collection of carbohydrate enzyme data in CAZy provides a very useful resource for enzymologists, annotations could be significantly improved. For example, the term 'characterized' in CAZy is applied equally to proteins that have been characterized biochemically and to those for which the functions have been predicted computationally. As we show, computational predictions for cellulases are currently unreliable; therefore knowing the source of information for annotation would be helpful. Nevertheless, CAZy provides a much needed connection between enzymology and genomics and can be considerably enhanced with improved computational models.
Challenges of genomic identification of cellulases
To search for cellulases in the ever-increasing genomic and metagenomic data, reliable sequence-based methods for their identification must be available. Current computational methodologies require that proteins should be conserved sufficiently in sequence to carry out full-length sequence similarity searches (e.g. BLAST) or they should have specific markers, such as distinctive protein domains and domain combinations, motifs and accessory proteins (see [28] for details), to yield reliable predictions. To illustrate the problems of genomic identification of cellulases, we compare their relevant features to those of another common enzyme involved in carbohydrate metabolism, hexokinase (the first enzyme of the glycolysis pathway). BLAST searches with a hexokinase seem quite reliable, whereas those with confirmed cellulases produce much more ambiguous results, in which similar sequences can be annotated with a variety of definitions other than cellulase. Automated annotation of new genomes depends heavily on the identification of similar proteins by BLAST, therefore, this ambiguity greatly complicates identification of potential novel cellulases.
From a structural perspective, hexokinases belong to a single protein fold (Figure 1 ). All proteins that catalyze the ATP-dependent conversion of aldo-and keto-hexose sugars to the hexose-6-phosphate [29] have the same ribonuclease-H-like motif fold and belong to the same protein family, hexokinase. By contrast, proteins that catalyze the hydrolysis of the b-1,4 glucoside bond using the same mechanism of acid-base catalysis (cellulases) belong to at least eight unrelated protein folds (Figure 1 ), which further differentiates into even more protein families [30] . For example, cellulase Cel5E from P. fluorescens has an (b/a) 8 fold and belongs to GH family 5 [18] (family classification according to the CAZy database [30] ); cellulase Egl-257 from Bacillus circulans has an (a/a) 6 barrel fold and belongs to GH family 8 [31] ; and cellulase cel44a from C. thermocellum has a TIM Q2 -like barrel and b-sandwich domain fold and belongs to GH family 44 [32] . Recent biochemical and genomics studies have identified cellulases in 11 or 13 CAZy families [9, 30, 33] . Cellulases therefore are representatives of a large class of nonhomologous isofunctional enzymes [34] , that is, proteins that catalyze the same biochemical reaction, which have evolved independently and are unrelated in sequence and structure. Therefore, in contrast to hexokinase, cellulases from each protein family must be treated as independent cases in any type of genomic analysis. This is a potential problem, which is easily resolved, although it dramatically increases the amount of data analysis.
In addition to pairwise sequence similarity searches, the second powerful tool used in automated annotation is protein domain architecture, which is identified using domain-specific profile Hidden Markov Models (HMMs). HMMs are built from multiple sequence alignments and represent probabilities of certain amino acids being located at certain positions in a domain. Again, hexokinases can be easily distinguished from other enzymes based on their domain architecture (Figure 2 ). Nearly all hexokinases display a conserved combination of two protein domains termed 'hexokinase_1' (Pfam accession PF00349) in the N terminus and 'hexokinase_2' (PF03727) in the C terminus. Detection of these domains in any protein sequence unambiguously identifies it as a hexokinase. There is essentially no diversity in the domain architecture of hexokinases: <10% of sequences exhibit a duplicated version of the dual domain protein (Figure 2 ) and <1% contain other unrelated domains.
By contrast, identification of cellulases by domain architecture is problematic because of two characteristics. First, cellulases display an extremely wide diversity of domain architectures even within the same protein family (Figure 2) . Second, and more importantly, the HMMs   245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305   306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366 Opinion Trends in Biotechnology xxx xxxx, Vol. xxx, No. x TIBTEC 899 1-7 currently available to recognize cellulases are built from multiple alignments that include cellulases and similar-insequence non-cellulases, and thus are not able to differentiate between members of the same protein family that have different substrate specificities. To illustrate this problem, we compare known activities of enzymes that belong to GH5 family (Pfam PF00150, Cellulase) to that of GH19 family (Pfam 00182, Glyco_hydro_19). GH19 is a large family (>1000 sequences in current databases) in which all 165 experimentally studied enzymes exhibit a single activity -chitinase (EC 3.2.1.14). GH5 family is comparable in size (just over 2000 sequences), however, among 373 experimentally studied enzymes from this family, at least 12 different activities other than cellulase have been reported (data from the CAZy database). Therefore, datasets retrieved with the current Cellulase domain model [35] might contain primarily non-cellulases and therefore would not be helpful to experimentalists.
Metagenomes: 'gold mines' that need sluicing rather than panning Metagenomic exploration of environments where lignocellulose is being effectively decomposed is the most promising path towards discovery of novel cellulases. Recent advances in metagenomics have resulted in generating genomic datasets from diverse environments, including fresh water [36] , the ocean [37] , guts of insects [38] , ruminants [39] , and even human intestines [40] . Such datasets have great potential to reveal novel cellulolytic capabilities. For example, the recent metagenomic study of a cow rumen has uncovered tens of thousands of putative cellulases [41] , thus truly becoming a gold mine for their future exploration. However, the same computational problems that we have outlined above have prevented unambiguous identification of true cellulases in this dataset; investigators have had to narrow down their list of targets for experimental validation randomly, and the reported success rate is around 50% [41] . Clearly, a more efficient and cost-effective method of mining is urgently needed.
Proposed computational solutions
Natural classification systems based on evolutionary relationships between sequences are instrumental in dealing with complex biological systems [28] . Cellulases are found in protein families with different evolutionary histories and belong to different protein folds, therefore, the evolutionary path of each cellulase-containing protein family must be evaluated independently. To build a natural classification system for cellulases, classes must be defined using a phylogenomic approach, in which related sequences of enzymatic domains are collected, properly aligned using available structural information, and then clustered (e.g. via phylogenetic tree construction). Independent genomic markers, such as specific combinations of enzymatic and accessory domains, and genome neighborhoods, must be identified for each individual class. To link biochemical activities to genomically identified classes, all available information on substrate specificity of individual sequences must be mapped onto individual classes.
An effective natural classification scheme will assist in searching for novel cellulolytic activities in genomic datasets by identifying markers that can be used to differentiate cellulases from related enzymes with different substrate specificity. Although it is difficult to discern a pattern of accessory domains when looking at all sequences of a given GH family, focusing on a class of related proteins The following labels correspond to PDB accession numbers: 'Hexokinase' -1ig8 [43] ; 'GH5, GH44, GH51' -1e5j [44] ; 'GH6' -2boe [45] ; 'GH7, GH12' -2jen [46] ; 'GH8, GH9, GH48' -1ia6 [47] ; 'GH23' -2xqo [33] ; 'GH45' -4eng [48] ; 'GH61' -2vtc [49] ; 'GH74' -2cn2 [50] .
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Trends in Biotechnology xxx xxxx, Vol. xxx, No. x TIBTEC 899 1-7 within a family might reveal specific accessory domains associated with that class. Most of the biochemically confirmed cellulases have carbohydrate-binding module domains (Figure 2 ), and cellulases with the same catalytic domains tend to degrade resistant crystalline cellulose more efficiently if they contain a larger number of CBMs [27, 42] . Thus, identifying CBMs that are class-specific should be productive for better classification of the catalytic domains. Similarly, analysis of genome neighborhoods might reveal certain types of genes that are consistently found in proximity to genes that encode biochemically confirmed cellulases. Then, the presence of these genes in proximity to genes that encode unknown GHs suggest that it might be a cellulase (a 'guilty-by-association' approach). Lastly, analysis of the aligned sequences can identify class-specific patterns of conserved amino acids, whose potential role in substrate specificity can be revealed by mapping onto available 3D structures and homology models. Aligned sequences of specific classes can also be turned into specific and sensitive domain models (e.g. HMM) for each of the catalytic domains or, where appropriate, for their combinations with auxiliary domains. Such models could become an essential tool, to search specifically for cellulases in ever-increasing genomic and metagenomic datasets. With new, refined models it should be possible to reduce the search space for cellulases by orders of magnitude, and to provide experimentalists with a short list of enzymes that are more likely to be a true cellulase. Newly developed cellulase-specific models should be deposited to relevant databases (e.g. Pfam and CAZy) to ensure their availability to the scientific community.
The need for specific cellulase models is pressing. We now have hundreds of environmental sequencing samples that contain >1 billion sequences, including datasets from such cellulolytic environments as termite gut [38] and cow rumen [41] . Together with still largely unexplored complete genomes of cellulose degraders, metagenomic data create a great reservoir for finding novel cellulolytic activities. There is also a need for a much closer collaboration between experimentalists and computational scientists in this area. The existing biochemical characterization has   489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549   550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609 been performed on a small subset of closely related organisms; therefore, a substantial number of experiments will be needed to fill gaps on substrate specificity within newly identified classes of cellulase-containing families. Better standardization of cellulase assays and more thorough assessment of activity on a variety of carbohydrate polymers will greatly improve our ability to link sequence classes to enzyme activities.
Conclusion
In conclusion, we would like to point out several contentious areas in practical biotechnology that might be addressed using computational genomics in the near future. First, there is a clear difference between enzymes in their ability to hydrolyze cellulose substrates, such as untreated, raw and pretreated plant material (e.g. switchgrass and wood pulp). Such differences could be caused by inherent enzymatic domain properties (e.g. K cat , product release) or associations with accessory domains that enhance substrate binding (e.g. CBM). Thus, one of the targets for computational studies is associating the experimentally determined characteristics of various cellulases with catalytic site conservation and accessory domain architecture. The more enzymes with known sequence, structure and biochemical activities that are available, the more powerful associations and therefore predictions can be made. The resultant data could be applicable to enzyme engineering as well, to search for better catalysts within a reduced sequence and structure space. Second, many challenges are posed by the engineering of cellulases to be robust under harsh industrial settings (e.g. temperature, solvents, and ionic conditions). Hence, better understanding of the cellulase active site and enzymatic functions at the sequence level could enable protein engineering that can maintain catalytic properties while enhancing protein robustness.
Finally, better communication between leading world cellulase researchers must be established to enable standardization of experimental and computational approaches to studies of cellulases. One way of accomplishing this goal would be creation of a freely available internet resource that would include internationally accepted methodologies for biochemical and computational cellulase studies, and a curated and updatable database of confirmed cellulases. To improve accessibility to such a resource, we recommend merging it with already existing web resources, such as the CAZy database mentioned above.
